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IRON PYRITE NANOCRYSTALS

Forming the reaction solution includes forming a first
solution including the iron -containing precursor and the
ligand component; heating the first solution , and adding the
sulfur-containing precursor to the first solution to form the

CROSS -REFERENCE TO RELATED
APPLICATIONS

This application claimspriority under 35 USC § 119 (e ) to
U.S. Patent Application Ser. No. 61/559,943 , filed on Nov.
15 , 2011 , the entire contents of which are hereby incorpo
rated by reference .

5 reaction solution . In some cases, heating the first solution
includes heating the first solution to about 170 ° C.
Heating the reaction solution includes heating the reaction
solution to about 220 ° C.
10

BACKGROUND

The reaction solution includes oleylamine (OLA ).
The iron -containing precursor is FeCl2.

The reaction solution includes a zinc-containing precur

core of the nanocrystals includes zinc. In some
Iron pyrite is a naturally abundant and nontoxic photo sor. The
, the zinc-containing precursor is zinc acetate .
voltaic material that is attractive as a photovoltaic material, cases
Themethod includes controlling a size of the nanocrystals
e.g., due to its high absorption coefficient (~ 5x10 cm-?) and 15 based
on at least one of a temperature to which the reaction
energy band gap (~ 0.95 eV ) suitable for photovoltaic energy
solution
is heated , a ratio of iron to sulfur in the reaction
conversion . The estimated highest attainable efficiency of
solution , and a concentration of iron and sulfur in the
pyrite photovoltaic films is as high as that for single crystal reaction
solution .
silicon . Pyrite is thus an attractive material for use in
20
A size of the nanocrystals is between about 10 nm and
inexpensive photovoltaic cells .
about 200 nm .
SUMMARY
In a general aspect, a structure includes a substrate ; and a
layer of nanocrystals disposed the substrate . Each nanoc
Ligand -stabilized iron pyrite nanocrystals are phase pure, rystal includes a core including FeS2, and a coating includ

highly crystalline , and stable against degradation in air are 25 ing a ligand component capable of chemically interacting
synthesized and characterized . The purity and substantial

absence of surface defects in iron pyrite nanocrystals allows

with both an iron atom and an sulfur atom on a surface of the
core .

the iron pyrite nanocrystals to retain semiconducting prop
Embodiments may include one or more of the following .
erties. Films of these high purity nanocrystals exhibit high
The ligand component includes a phosphine oxide group .
carrier mobility and strong photoconductivity at room tem- 30 The
ligand component includes TOPO .
perature and are well suited to use in photovoltaic applica
The
layer
ofnanocrystals is stable against oxidation in air .
tions such as solar cells .
A chemical composition of the layer of nanocrystals is
In a general aspect, an apparatus includes a nanocrystal. stable
for at least one year.
The nanocrystal includes a core including FeSz; and a
A carrier mobility of the layer of nanocrystals is at least
coating including a ligand component capable of chemically 35 about
80 cm ? /Vs.
interacting with both an iron atom and a sulfur atom on a
The
layer of nanocrystals is photoconductive.
surface of the core .

Embodiments may include one or more of the following.
The ligand component includes a phosphine oxide group .
The ligand component includes trioctylphosphine oxide 40

The core includes zinc.

The layer of nanocrystals is a monolayer ofnanocrystals.
The layer of nanocrystals has a thickness of about400 nm .
The layer of nanocrystals has a thickness of up to about
( TOPO ).
The nanocrystal is stable against oxidation in air , e.g., for 1 micrometer.
at least one year.
The substrate is an electrically conductive substrate .
A chemical composition of the nanocrystal is stable for at
The layer of nanocrystals is disposed on the substrate via
least one year.
45 at least one of spin coating , dip coating , roll coating, or
The nanocrystal is a semiconductor.
printing
A band gap of the nanocrystal is at least about 0.9 eV .
The structure includes an electrical contact disposed on
The core includes zinc . In some cases , a band gap of the the layer of nanocrystals .
nanocrystal is dependent on a ratio of iron to zinc in the core .
In a general aspect, a device includes an electrically
In1.2 some
cases
,
a
band
gap
of
the
nanocrystal
is
at
least
about
50
conductive
substrate ; a layer of photoconductive nanocrys
eV.
tals
including
Fes , disposed on the substrate ; and an elec
The nanocrystal is substantially cubic .
trical
contact
disposed
on the layer of nanocrystals.
A size of the nanocrystal is between about 10 nm and
Embodiments
may
include
one or more of the following.
about 200 nm .
When the layer of nanocrystals is illuminated , an increase
55
The nanocrystal is soluble in an organic solvent.
of about 12 times occurs .
In a general aspect , a method of making nanocrystals in Acurrent
dark current in the layer of nanocrystals is less than
includes forming a reaction solution including an iron about
50 mA/ cm².
containing precursor, a sulfur-containing precursor, and a
ligand component. The method also includes heating the
A carrier mobility of the layer of nanocrystals is at least
reaction solution to generate nanocrystals having a core 60 about 80 cm ? /Vs.
including Fes , and a coating including the ligand compo
The nanocrystals include zinc.
nent, wherein the ligand component is capable of chemically
The nanocrystals include a core including FeSz; and a
interacting with both an iron atom and a sulfur atom on a coating including a ligand component capable of chemically
surface of the core .
interacting with both an iron atom and a sulfur atom on a
Embodiments may include one or more of the following . 65 surface of the core . In some cases, the ligand component
The ligand component includes a phosphine oxide group . includes a phosphine oxide group . In some cases, the ligand
component is TOPO .
The ligand component includes TOPO .

US 10,680,125 B2
3

4

FIG . 19 is a plot of X -ray diffraction patterns of films of
Zn -doped iron pyrite nanocrystals .
FIG . 20 is a plot of the composition and band gap of films

The core includes zinc .

The layer of nanocrystals is stable against oxidation in air .
A chemical composition of the layer of nanocrystals is
stable for at least one year .
The device is a photovoltaic cell.
The techniques described herein have a number of advan

of Zn -doped iron pyrite nanocrystals.

5

tages. For example, phase pure, highly crystalline iron pyrite

nanocrystals can be synthesized that are stable in air against
oxidation and degradation for at least one year. These iron
pyrite nanocrystals have optoelectronic properties suitable
for photovoltaic applications. Photovoltaic devices formed
of iron pyrite can be inexpensive and efficient.
Other features and advantages are apparent from the
following description and from the claims.

BRIEF DESCRIPTION OF DRAWINGS

10

FIG . 21 is a plot of absorption spectra of films of
Zn -doped iron pyrite nanocrystals .
FIG . 22 is a plot of the band gap of filmsof Zn- doped iron
pyrite nanocrystals .
FIG . 23 is a diagram of an example solar cell.
FIGS. 24A - 24C are plots of the photoresponse of a solar
cell including a film of Zn -doped iron pyrite nanocrystals.
FIG . 25 is a scheme of a possible surface passivation

mechanism .

DETAILED DESCRIPTION

15

Referring to FIG . 1, an iron pyrite FeS2 nanocrystal 100

includes a core 102 of iron pyrite surrounded by ligand
FIG . 1 is a diagram of an iron pyrite nanocrystal.
molecules 104. The ligand molecules 104 passivate both
FIG . 2 is a diagram ofan example system for making iron 20 iron and sulfur molecules on the surface of the core 102, thus
pyrite nanocrystals.

preventing oxidation and surface decomposition of the
FIGS . 3A - 3C are scanning electron microscopy (SEM ) nanocrystals. As a result, ligand -stabilized iron pyrite nanoc
images of iron pyrite nanocrystals yielded from reactions rystals 100 are phase pure, highly crystalline , and stable
with various amounts of trioctylphosphine oxide ( TOPO ). against degradation in air.
FIG . 4 is a plot of an X -ray diffraction pattern of a film of 25 The purity and substantial absence of surface defects in
iron pyrite nanocrystals.
iron pyrite nanocrystals 100 allows the iron pyrite nanoc
FIG . 5 is a plot of a Raman spectrum of a film of iron rystals 100 to retain semiconducting properties. Films of
anocrystals.
pyrite nan
these high purity nanocrystals 100 exhibit high carrier
FIG . 6 is a plot of X -ray diffraction patterns of films of mobility and strong photoconductivity at room temperature

iron pyrite nanocrystals yielded from reactions with various 30 and are well suited to use in photovoltaic applications such

reaction times .

FIG . 7 is a plot of Raman spectra of films of iron pyrite

nanocrystals yielded from reactions with various reaction
times .

as solar cells .

1 Synthesis and Characterization of Iron Pyrite

Nanocrystals

FIGS. 8A - 8C are SEM images of films of iron pyrite 35
nanocrystals yielded from reactions with various reaction
Iron pyrite (FeS2) nanocrystals stabilized (e.g., coated )
times.
with a ligand , such as trioctylphosphine oxide ( TOPO ),were
FIG . 9 is a plot of X -ray diffraction patterns of films of prepared using a two-step solution -based synthesis process.
iron pyrite nanocrystals yielded from reactions without In general, an iron -containing compound is combined with
TOPO .
40 the ligand in a coordinating solvent, such as oleylamine
FIG . 10 is a plot of Raman spectra of films of iron pyrite (OLA ) to form a soluble Fe precursor species. A solution of
nanocrystals yielded from reactions without TOPO .
sulfur in a solvent, such as OLA , is added to the Fe precursor
FIG . 11 is an example system for fabricating films of solution and allowed to react, yielding pure phase,monodis
nanocrystals.
perse cubic iron pyrite (FeS ) nanocrystals stabilized by
FIGS. 12A and 12B are SEM images of a film of iron 45 ligand molecules .
pyrite nanocrystals .
In the examples given below , TOPO -stabilized iron pyrite
FIG . 12C is a plot of the surface profile of the film of nanocrystals were synthesized and characterized . However,
FIGS . 12A and 12B .
other ligandsmay also be used in the synthesis of iron pyrite
FIG . 13A is a plot of a Raman spectrum of a film of iron nanocrystals. Example ligands include other molecules
pyrite nanocrystals after exposure to air for one year.
50 including a phosphine oxide group , such as triphenylphos
FIG . 13B is an optical microscopy image of the film of phine oxide or phospholipids such as L - a -Phosphatidylcho
FIG . 13A .
line, 1,2 -bis ( 10,12 -tricosadiynoyl)-sn -Glycero -3 - phospho
FIG . 14A is a plot of a Raman spectrum of a film of iron choline, or 1,2 -Dipropionoyl- sn -Glycero -3 - Phosphocholine .
pyrite nanocrystals yielded from a reaction without TOPO , Other example ligands include , e.g., oleylamine, octa
after exposure to air for three months.
55 decylamine, thiol molecules (e.g., C — SH or R — SH ),
FIG . 14B is an optical microscopy image of the film of xanthate molecules (e.g., ROCS , M + ), polyvinylpyrroli
FIG . 14A .
done , polyvinyl alcohol , and other ligand molecules .
FIG . 15 is a plot of X -ray diffraction patterns of films of
FIG . 2 shows an example system 200 for synthesizing
iron pyrite nanocrystals yielded from reactions with and ligand -stabilized iron pyrite nanocrystals. A solution 202 of
without TOPO , after exposure to air for six months.
60 an iron -containing compound and a molar excess of a ligand
FIG . 16 is a plotof an optical absorption spectrum of iron is formed in a reaction vessel 204 in an inert atmosphere or
pyrite nanocrystals.
under vacuum , e.g., using a Schlenk line 206 and a vacuum
FIG . 17 is a schematic diagram of an example photovol pump 207. The iron -containing solution 202 is heated by a
taic device .
heat source 208 to form an iron precursor species . A solution
FIGS. 18A and 18B are plots of the photoresponse of a 65 210 containing a molar excess of sulfur ( in relation to the
photovoltaic device including a film of iron pyrite nanoc iron - containing compound) is added to the iron precursor
rystals .
solution . The iron -sulfur solution is heated by the heat
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source 202 to facilitate nanocrystal growth in the reaction
mixture . The reaction is quenched , e.g., by removal from the
heat source 208 , and the nanocrystals are precipitated from
the reaction mixture to form a precipitate 212. The precipi
tated nanocrystals are cleaned and purified by washing with 5
solvents, such as chloroform and methanol, and by centrifu
gation using a centrifuge 214 .

In an example process, TOPO -stabilized iron pyrite
nanocrystals were synthesized under a nitrogen atmosphere
using standard Schlenk line techniques. 0.05 mmol of anhy- 10
drous Iron (II) chloride (FeCl2 (99.9 % ), Sigma- Aldrich , St.
Louis, Mo.) and 3 mmol of TOPO (Sigma- Aldrich ) were
dissolved in 10 mL OLA ( Acros, Geel, Belgium ). The
iron -containing solution was degassed by nitrogen bubbling
for 60 minutes to remove oxygen and water. The solution 15
was then heated to 170 ° C. and allowed to remain at that
temperature for three hours to allow an iron precursor
species to form . A solution of 3 mmol sulfur ( 98 % , Sigma
Aldrich ) dissolved in 5 mL OLA was injected into the
iron -containing solution . The mixture was heated to 220 ° C. 20
and allowed to remain at that temperature for two hours to
facilitate nanocrystal growth . The reaction was then
quenched by removing the heat source and the reaction
mixture was cooled to room temperature . The as-prepared
nanocrystals were precipitated from the reaction mixture by 25
the addition of excess methanol (Sigma- Aldrich ) and iso
lated by centrifugation . Three times, the nanocrystals were
washed with a mixture ofmethanol and anhydrous chloro
form (Sigma- Aldrich ) followed by centrifugation . The
cleaned nanocrystals were redispersed into chloroform for 30
storage .
The chloroform solution of TOPO -stabilized nanocrystals
remained stable and well- dispersed after isolation without
any further post- reaction treatment for at least two months
without obvious particle aggregation or sedimentation . 35
The iron pyrite nanocrystals yielded from this reaction are
cubic in shape and have a size of about 200 nm (e.g., as
shown in FIG . 3A ). This size is larger than that of other
colloidal nanocrystals, such as PbS and CdSe nanocrystals,

was identified as a pure pyrite cubic phase of FeS2 (corre
sponding to a reference pattern 402 no. 42-130 of the Joint
Committee on Powder Diffraction Standards (JCPDS)). The
sharpness of the diffraction peaks in the pattern 400 indicates
a high degree of crystallinity in the nanocrystals . No sig
nificant impurity peaks are present in the pattern 400 ,
indicating that the nanocrystals are relatively pure. X -ray
diffraction measurements were conducted on a layer of
nanocrystals formed by drop casting using a Rigaku ( The
Woodlands, Tex .) Multiflex X -ray Diffractometer using

standard powder X - ray diffraction techniques.
Referring to FIG . 5 , Raman spectroscopy was conducted
to further confirm the phase purity of the TOPO - stabilized
iron pyrite Fes , nanocrystals. Raman spectroscopy is gen
erally capable of distinguishing various iron sulfide phases
( e.g., Fes , FezS4, and FeS2) and typically has a lower
impurity detection limit than X -ray diffraction . A Raman
spectrum 500 was obtained with peaks at 339 cm-?, 378

cm-?, and 425 cm-', which correspond well to reported

values for iron pyrite ( i.e., FeS2). Confocal Raman
microspectroscopy was carried out on a layer of nanocrys
tals formed by drop casting using a Renishaw (Gloucester
shire , UK ) spectrometer with a 514 nm laser.
The phase purity of the nanocrystals was further verified
by sensitive magnetic measurements using a superconduct
ing quantum interference device (SQUID ). Iron ions in
Fe - S and Fes , have a high and low spin state , respectively ,
with a difference in magnetization of about eight orders of
magnitude. Thus, FeS and Fes , can be distinguished
using SQUID measurements . TOPO -stabilized iron pyrite
FeS2 nanocrystals show no magnetism signal to the detec
tion limit of the SQUID , indicating that the concentration of
Fel-xS impurities in the nanocrystals is less than the level of
parts per million (ppm ).
The purity of a material affects its photoconductive
response. Only high quality iron pyrite will exhibit photo
conductivity ; the presence of defects such as metallic Fes
will quench excited photocarriers, eliminating the photocon

indicating that the iron pyrite nanocrystals have suitable 40 ductivity. The purity and high degree of crystallinity of
ligands passivating the surface.
TOPO - stabilized iron pyrite nanocrystals makes these

The size of the nanocrystals synthesized by this reaction nanocrystals good candidates for use in photovoltaic appli
cations.
reaction mixture . For instance , the size of TOPO -stabilized
During the TOPO - stabilized iron pyrite FeS2 nanocrystal
iron pyrite nanocrystals can range from about 10 nm to about 45 synthesis reaction , aliquots of reaction mixture were
200 nm . FIGS. 3A - 3C are scanning electron microscopy removed and characterized to monitor the evolution of the
( SEM ) images of iron pyrite nanocrystals synthesized with morphology and composition of the reaction products . FIG .
varying amounts of TOPO , demonstrating the ability to 6 shows X -ray diffraction patterns taken immediately upon
control the size of the nanocrystals. FIG . 3A is an image of injection of sulfur to the reaction mixture (pattern 600 ) and
~ 200 nm cubic iron pyrite nanocrystals 300 yielded from a 50 6 minutes after the sulfur addition (pattern 602 ). FIG . 7
reaction having 3 mmol of TOPO . When the amount of shows Raman spectra taken immediately upon sulfur injec
TOPO was decreased to 0.3 mmol ( for the same quantity of tion (spectrum 700 ) and 2 , 4 , and 6 minutes after sulfur
FeCl , and S ), the size of the yielded cubic nanocrystals 302 addition ( spectra 702 , 704, 706 , respectively ). No FeS phase
decreased to about 60-100 nm ( FIG . 3B ). With no TOPO was observed during the reaction , as indicated by the lack of
added to the reaction system , the yielded nanocrystals 304 55 FeS diffraction peaks in the diffraction patterns 600 , 602 and-1
were quasi-cubic in shape and about 90 nm in size (FIG . by the absence of Raman peaks at 210 cm - 1 and 280 cm
3C ).
in the Raman spectra 700 , 702 , 704 , 706. Raman peaks at
A number of characterization techniques were used to 152 cm - 7, 292 cm-?, and 354 cm- in the early Raman
characterize the structure , composition , and optical proper
spectra 700 , 702 , 704 indicate that amorphous Fe1- S was
ties of TOPO - stabilized iron pyrite nanocrystals resulting 60 formed immediately after sulfur injection , and during the
from this synthesis process.
first six minutes of the reaction, the reaction product was a
Referring to FIG . 4 , to characterize the crystal structure mixture of amorphous phase and pyrite FeS2. By 6 minutes
and purity of the nanocrystals , powder X - ray diffraction after sulfur injection , the amorphous intermediate had been
measurements were conducted on a layer of TOPO -stabi
transformed to iron pyrite FeS2, as reflected by the sharp
lized iron pyrite FeS2 nanocrystals and an X -ray diffraction 65 diffraction peaks in the diffraction pattern 602 and the
pattern 400 was obtained. By indexing the diffraction peaks presence of Raman peaks in the 6 -minute Raman spectrum
can be controlled via the concentration of the ligand in the

of the pattern 400 , the crystal structure of the nanocrystals

706 .
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FIGS. 8A , 8B , and 8C are SEM images of the reaction rystal film was formed using a 15 mg/mL solution of iron
product at 2 minutes, 4 minutes, and 6 minutes , respectively, pyrite nanocrystals in chloroform with a withdrawal speed
after sulfur injection . The transformation of the reaction of 4 um /s
product from a substantially amorphous matrix 800 ( FIG .
FIGS. 12A and 12B are SEM images of sample formed of
8A ) to a more structured product 802 (FIG . 8B ) and finally 5 a dip coated film 1200 of60 nm TOPO -stabilized iron pyrite
to cubic nanocrystals 804 (FIG . 8C ) can be seen from the nanocrystals on a substrate . The nanocrystals are cubic and
have good size uniformity. The film 1200 is relatively
SEM images.
Reaction products resulting from the synthesis of iron smooth , as can be seen from a surface profile 1202 in FIG .

pyrite nanocrystals without the presence of TOPO were also 12C , with a surface roughness of about 25 nm . A scratch
characterized to monitor the evolution of the morphology 10 1204 in the sample was made to provide a sense of scale in
and composition of the products. FIG . 9 shows X -ray the surface profile 1202. For a film of about 0.4 um thick ,
diffraction patterns taken 1 minute , 6 minutes, and 30 which is a thickness that generally capable of efficiently
minutes after sulfur injection into a reaction mixture without absorbing solar radiation , this order of surface roughness is

TOPO (patterns 900 , 902 , 904 , respectively). FIG . 10 shows within appropriate tolerance levels . SEM was performed on
Raman spectra taken 1 minute and 6 minutes after sulfur 15 a Quanta 200 FEG SEM at high vacuum mode to record the
injection (spectra 1000 , 1002, respectively ). An amorphous size and morphology of the nanocrystals. Film thickness and
phase Fel- S formed by 1 minute after sulfur injection , as surface roughness were measured using an Ambios technol
can be seen from the Raman peaks at 155 cm-?, 292 cm -1, ogy XP stylus profiler.
and 365 cm -l in the spectrum 1000. By 6 minutes after
In general, the surface of iron pyrite is thermodynamically
sulfur injection , the amorphous intermediate had been trans- 20 unstable . Surface FeS2 units are susceptible to oxidation and
formed to iron pyrite FeS2, as can be seen from the Raman can easily decompose, resulting in surface layers formed of
peaks at 339 cm and 377 cm in the spectrum 1002. No metallic FeS and elemental sulfur. The large surface - to

obvious impurity phases can be seen in the 6 -minute Raman
spectrum 1002. From the X -ray diffraction patterns 900 ,
902, 904, it is apparent that the reaction product takes a 25
longer time to reach a high level of crystallinity in the
reaction without TOPO than it does in the reaction with
TOPO . The iron pyrite phase is not strongly visible in the
early diffraction patterns 900, 902 ; sharp iron pyrite diffrac
tion peaks become visible only in the 30 -minute diffraction 30
pattern 904. Other than the slower development of crystal
linity in the reaction product, no obvious difference in the
reaction process or in the crystal structure of the resulting
reaction product is observed between the reactions with and
35
without TOPO .
Additional synthesis reactions were carried out to opti
mize reaction conditions for the synthesis of pure phase
pyrite FeS2 nanocrystals . For instance , reaction times to
form the Fe precursor species prior to sulfur injection
ranging from about 1 to 3 hours were used. With shorter 40
reaction times for forming the Fe precursor species, the
complete transformation from amorphous phase Fe1- S to

volume ratio of nanocrystals accelerates the oxidation pro
cess. The oxidation of the surface of iron pyrite nanocrystals
into FeS and sulfur layers causes the semiconducting prop
erties of the nanocrystals to be lost , rendering the nanoc
rystals less attractive for photovoltaic applications.
By coating iron pyrite nanocrystals with ligands such as
TOPO ( e.g., using the synthesis process described above ),
the oxidation of the nanocrystal surface can be hindered or
prevented . Films of TOPO - stabilized iron pyrite nanocrys
tals are stable in air for at least one year and retain their
semiconducting properties. Without being bound by theory ,
it is believed that the presence of the ligand (e.g., TOPO )
passivates the nanocrystal surface, thus preventing oxidation
and surface decomposition .
A film of TOPO -stabilized iron pyrite nanocrystals was
prepared and exposed to air for one year to characterize the
stability and resistance to oxidation and degradation . FIG .
13A shows Raman spectra 1300 taken at randomly selected
positions on the nanocrystal film after exposure to air for one
year . The positions are designated by points in an optical

iron pyrite FeS2 generally took a longer amount of time after microscopy mapping image 1302 of FIG . 13B . The Raman
sulfur injection. Higher concentrations of OLA resulted in peaks at 340 cm - 7 and 379 cm- indicate that iron pyrite
broader nanocrystal size distributions and longer transfor- 45 Fes , is present in the film . No FeS or S peaks are present.
mation times. When oleic acid was used in place ofOLA , no Furthermore , when inspected visually, the film looked no
nanocrystals were produced . When using 1-dodecanethiol different after aging for one year than it did when it was first
rather than TOPO as the ligand component, FeS phase formed . TOPO -stabilized iron pyrite nanocrystals are stable
impurities were observed in the resulting nanocrystals.
in air for at least one year; prolonged exposure to air does not
50 cause oxidation or degradation of the nanocrystals .
2 Fabrication and Stability of Films of Iron Pyrite
As a control, a film of iron pyrite nanocrystals without
Nanocrystals
TOPO was prepared under the same reaction conditions and
exposed to air for three months. FIG . 14A shows Raman
Films of nanocrystals on a substrate can be fabricated via spectra 1400 taken at randomly selected positions on the
any of a variety of methods, including , e.g., drop casting , 55 nanocrystal film after exposure to air for three months. The
spin coating, or dip coating. For instance, referring to FIG . positions are designated by points in an optical microscopy
11 , an example system 1100 for fabricating a dip coated film mapping image 1402 of FIG . 14B . Raman peaks at 155
of nanocrystals on a substrate 1102 is shown. The substrate cm -1, 220 cm-?, and 473 cm -l indicate the presence of FeS
1102 is dipped into a solution 1104 of nanocrystals and is and S in the film . Visually, domains 1404 in the film suggest
withdrawn from the solution at a controlled speed and 60 that sulfur has segregated at the surface of the film . The iron
vertically along the direction in the plane of the substrate (as pyrite nanocrystals formed without TOPO are not stable in
indicated by arrow 1106 ). The thickness of the resulting air and decompose into metallic FeS and S layers .
nanocrystal film can be controlled from a monolayer of
Films of iron pyrite nanocrystals yielded from reactions
nanocrystals to a thick film , such as 200 um thick , or up to with and without TOPO were formed and exposed to air for
about 1 um thick , by controlling the concentration of the 65 six months. Referring to FIG . 15 , X -ray diffraction patterns
nanocrystal solution and the speed of substrate withdrawal of the film of TOPO -stabilized nanocrystals (pattern 1500 )
from the solution . In one example , a 300 nm thick nanoc and the film of nanocrystals without TOPO (pattern 1502 )
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Referring to FIG . 16 , optical absorption spectra of filmsof
occurred due to exposure to air. No obvious oxidation
TOPO -stabilized iron pyrite FeS2 nanocrystals were
products were identified from the pattern 1500 for the film
obtained to characterize the optical properties and band gap
of TOPO -stabilized nanocrystals , indicating that these of the nanocrystals. An optical absorption spectrum 1600
nanocrystals are structurally stable in air. In the pattern 1502 5 shows the absorption coefficient, a , versus the illumination
for the film of nanocrystals without TOPO , peaks corre wavelength . The film of nanocrystals has a high absorption

sponding to FeS and S are present, further indicating that the efficiency (a = 2x10 cm-?) throughout the visible and near
infrared spectral regions, demonstrating that the film is a
The presence of photoconductivity in a film is a prereq good solar absorber. Optical spectra of dip coated films of
uisite for the film to be a candidate for photovoltaic appli- 10 TOPO -stabilized iron pyrite nanocrystals were obtained at
cations. The purity of a material affects its photoconductive room
for wavelengths between 300 nm and
response . For instance , only high purity iron pyrite will 2000 nmtemperature
using
a
PerkinElmer
(Waltham , Mass .) Lambda
exhibit photoconductivity; the presence of defects such as
/VIS /NIR spectrometer.
metallic FeS will quench excited photocarriers, reducing or 900TheUVpurity
, crystallinity , and stability of the iron pyrite
eliminating the photoconductivity in defect- rich iron pyrite 15
nanocrystals without TOPO are not stable in air.

described herein enables the band gap of the
films. The stability of films of TOPO - stabilized iron pyrite nanocrystals
nanocrystals
to be determined . In the inset of FIG . 16 , the
nanocrystals and the purity and high degree of crystallinity
of the nanocrystals themselves make these films good can quantity (ahv )" was plotted versus the illumination energy
(hv), where h is Planck's constant and v is the illumination
didates for use in photovoltaic applications .
From these Raman and X -ray diffraction characteriza- 20 frequency, for n = 1/2 (curve 1602 ) and n = 1 (curve 1604 ). The
tions, it is apparent that the stability of iron pyrite nanoc indirect and direct optical band gaps of the film of nanoc
rystals improves dramatically when stabilized with TOPO . rystals were determined based on linear extrapolation of the
Without being bound by theory, it is believed that TOPO curves 1602 , 1604 to their intersection with the x - axis of the
may participate in a surface passivation mechanism 2500 plot to be 0.93 eV (indirect) and 1.38 eV (direct). In some

such as that shown in FIG . 25. Generally, in a TOPO /OLA 25 cases, light absorption below the band gap can be induced by

mixture, the TOPO will bind preferentially to Fe because the

light scattering during the measurement, giving rise to

For pyrite nanocrystals synthesized without TOPO , the
only coordinating solvent is OLA , which coordinates to iron
on the nanocrystal surface through its nitrogen atom . Only
the Fe surface sites are passivated, leaving dangling bonds

large ut is generally preferable so that a relatively thick film
can be used to efficiently absorb solar illumination . Hall
Effectmobility of dip coated films of TOPO - stabilized iron
pyrite nanocrystals was determined to be about 80 cm ? /Vs,

air . Thus, pyrite nanocrystals not stabilized with TOPO are

solution - processed electronic materials, such as organic

phosphine oxide in TOPO is a slightly stronger base than the shoulders on the low -energy end of the curves 1602 , 1604 ,
amine in OLA . Phosphine oxide coordination to the nanoc
respectively .
rystal surface occurs between an oxygen atom and a surface
Electric properties of films of TOPO -stabilized iron pyrite
Fe atom and between a phosphorous atom and a surface S 30 nanocrystals were characterized to evaluate the suitability of
atom , due to attractive charge interactions. The coordination the films for photovoltaic applications. For instance , the
of TOPO to the surface of iron pyrite nanocrystals thus product of the mobility (u ) and carrier lifetime (T) is an
passivates both Fe and S surface sites, forming stable surface important parameter for evaluating the candidacy of a pho
structures that inhibit the segregation of sulfur dimers on the tovoltaic material because it determines the carrier diffusion
35 length , i.e. , the maximum thickness of the active film . A
nanocrystal surface .

from the S surface sites available to react with oxygen in the 40 with p -type behavior. This value is high compared to other
not stable in air , resulting in sulfur segregation ( e.g., into the semiconductors and metal oxide semiconductors.
The photoresponse of films of TOPO -stabilized iron
domains 1404 shown in FIG . 14B ).
Although the examples given herein characterize TOPO
pyrite nanocrystals was also characterized . FIG . 17 is an
stabilized iron pyrite nanocrystals, other ligands are also 45 example of an nanocrystal-based photovoltaic device 1700 .

capable of coordinating to both Fe and S sites , thus passi A photovoltaic film 1702 of iron pyrite nanocrystals was
vating the nanocrystal surface and stabilizing the surface formed on a transparent, electrically conductive substrate
against oxidation . For instance, other ligands that include a 1704 , such as indium tin oxide (ITO ). An electrical contact
phosphine oxide group may be used . Example ligands 1706 , formed of aluminum or another electrically conduc
include, but are not limited to , triphenylphosphine oxide or 50 tive material, was disposed on the nanocrystal film 1702 ,
phospholipids such as L - a -Phosphatidylcholine, 1,2 -bis (10 , e.g., by lithographic methods. Illumination light 1708 from

12 - tricosadiynoyl)-sn -Glycero -3 -phosphocholine, or 1,2
a light source 1710 , such as a lamp or the sun , was impinged
Dipropionoyl-sn -Glycero - 3 - Phosphocholine. Other ligands onto the substrate 1704 and absorbed by the photovoltaic
capable of coordinating to both Fe and S sites may also be film 1702. The illumination generates a photocurrent in the
used . Ligands that coordinate to only Fe sites or only S sites 55 film 1702 between the substrate 1704 and the electrical
contact 1706 .
may not sufficiently passivate the surface .
The carrier lifetime in the nanocrystal-based photovoltaic
3 Optoelectronic Properties of Iron Pyrite
device 1700 was measured using a photoconductive
Nanocrystals
response measurement that reflects the density of defect
60 states in the iron pyrite material. Current -voltage (I- V )
The purity, crystallinity, and surface stability of iron measurements were conducted on the nanocrystal-based

pyrite nanocrystals render the nanocrystals suitable for pho
tovoltaic applications. The band gap and photoresponse of
the nanocrystals , which are other parameters relevant to the
use of the nanocrystals in photovoltaic applications were 65
characterized by optical and electric characterization tech
niques .

photovoltaic device 1700 for a nanocrystal film 1702 with a
thickness of 400 nm on an ITO substrate 1704 and with an
Al contact 1706. Simulated sunlight of air mass (AM ) 1.5
(100 mW / cm²) was applied to the device 1700 and the
photoresponse was measured using a Keithley (Cleveland ,
Ohio ) 2400 source meter.

US 10,680,125 B2
11

12

FIGS . 18A and 18B show the results of photocurrent
Referring to FIG . 19 , the crystal structure of TOPO
measurements of the nanocrystal-based photovoltaic device stabilized Fe.Zn, S , nanocrystals was characterized using
1700 with a 400 nm thick photovoltaic film 1702. The powder X -ray diffraction on drop cast films of nanocrystals
response under dark conditions is shown by a dark I- V curve on a Si wafer substrate. Various compositions were studied ,
1800 ; the response under AM 1.5 illumination is shown by 5 including x = 0 (i.e., iron pyrite FeS2 nanocrystals; curve
a light I-V curve 1802. The variation of photocurrentwith 1900), x = 0.05 (curve 1902 ), x = 0.2 (curve 1904 ), and x = 0.5
time as the illumination is switched on and off is shown by ( curve 1906 ). Sharp diffraction peaks are present in good
with the cubic pyrite phase of FeS2 ( JCPDS no .
a time- varying current curve 1804. With no illumination , agreement
42-130
;
reference
curve 1908 ). No obvious impurity peaks
minimal response is observed (curve 1800 ). When illumi 10 are present in the diffraction
patterns. Other strong peaks in
nated , a 12 -fold increase in current occurs (curves 1802 , the diffraction patterns are a result
of the Al substrate holder.
1804 ), demonstrating that the film of TOPO - stabilized
the amount of Zn increases (i.e., as x increases ), the
nanocrystals acts as a photoconductor. No rectification ironAspyrite
peaks widen and shift slightly . This
behavior is observed , suggesting that no Schottky barrier is change in thediffraction
diffraction
is due to the incorporation
formed between the nanocrystal film 1702 and either the Al 15 of Zn into the iron pyrite pattern
crystal
structure, which results in
contact 1706 or the ITO substrate 1702. The strong, stable

photoconductivity of the photovoltaic device 1700 indicates

an increase in the lattice constant. For comparison , a refer

ence diffraction pattern 1910 for cubic ZnS ( JCPDS no .

that films of TOPO -stabilized iron pyrite nanocrystals may 80-0020 ) is shown. The peak shift caused by increased Zn
doping is not large enough to indicate formation of a ZnS
Films with large crystalline grain size (e.g., films of large 20 phase in the nanocrystals , thus suggesting that the Fe.Zn nanocrystals ) are often used in photovoltaic applications xS nanocrystals retain the cubic iron pyrite crystal structure
such that the carrier diffusion length is matched with the at least up to a Fe:Zn ratio of 1: 1 (x = 0.5 ).
light abso
length . In contrast, films with small grain
Referring to FIG . 20 , the actual composition of the
size (e.g. , films of small nanocrystals ) can be small and TOPO -stabilized Fe - Zn ,S2 nanocrystals was measured for
compact but often contain a large number of grain bound- 25 various starting values of x (i.e., for various Fe :Zn ratios
aries that scatter carriers , reducing the carrier diffusion used in the synthesis reaction ) using Inductively Coupled
length . Because the quantum confinement effect is not Plasma Atomic Emission Spectroscopy (ICP -AES). A curve
needed for band gap control in films of iron pyrite nanoc
2000 represents the actual percentage of Zn in the nanoc
rystals, films ofrelatively large nanocrystals (e.g., about 200 rystals versus the starting percentage of Zn in the synthesis
nm ) were used such that the desired film thickness for 30 reaction . For low doping levels (x < 0.2 ), the actual Zn
percentage in the nanocrystals is proportional to and roughly
photovoltaic applications was achieved .
half of the starting Zn percentage . At higher doping levels
4 Zinc -Doped Iron Pyrite Nanocrystals
(0.3 < x <0.5 ), the level of Zn in the nanocrystals did not
increase despite the increased quantity of Zn in the synthesis
The TOPO -stabilized iron pyrite nanocrystals described 35 reaction .
above can be doped with dopants, such as other transition
Referring to FIG . 21, optical absorption spectra 2100 of
metals, to adjust the band gap of the nanocrystals . For TOPO -stabilized Fe.Zn ,S2 nanocrystals were obtained for
instance, the nanocrystals may be doped with Zn to form
X = 0 , x = 0.05 , x = 0.1 , x =0.2 , x = 0.3 , and x = 0.5 . A blue shift of
increasing magnitude occurs in the absorption spectra with
Fe1- ZnS2 alloyed nanocrystals.
The synthesis of Fe- ZnS2 nanocrystals is generally 40 increasing Zn doping , indicating that doping of iron pyrite
consistent the synthesis described above for iron pyrite nanocrystals (e.g., with Zn ) can be used for band gap
nanocrystals , except for the introduction of zinc and an engineering of the nanocrystals.
increase in the injection temperature. For example , to syn
The band gap of TOPO -stabilized Fe1- Zn , S2 nanocrys
thesize Fe, Zno. S nanocrystals, 0.9 mmol anhydrous Iron tals can be determined from an absorption curve plot of the
( II ) chloride (FeCl2 (99.9 % ), (Sigma- Aldrich )), 0.1 mmol 45 quantity (ahv)2 versus the illumination energy (hv),where h
zinc acetate (Zn (OAC )2 (97 % ), Sigma- Aldrich ), 0.6 mmol is Planck's constant and v is the illumination frequency .
TOPO (Sigma -Aldrich ), and 20 mL OLA were degassed at These absorption curves 2200 are shown in FIG . 22 for x = 0 ,
be used to form efficient solar cells .

120 ° C. under vacuum for one hour to remove oxygen and
water. The solution was further refluxed at 170 ° C. for two

x = 0.05, x = 0.1, x = 0.2 , x = 0.3, and x = 0.5. The band gap for
each composition as determined from the curves of FIG . 22
hours under nitrogen to form an Fe OLA precursor com- 50 is shown as a curve 2002 in FIG . 20. For low doping levels
plex . The solution temperature was then increased to 220 ° C. (x < 0.1), the band gap of the Fe1-xZnS2 nanocrystals
and 10 mL of a solution of 0.6 M sulfur in OLA was injected . increases roughly linearly with increasing Zn percentage .
The reaction was kept at 220 ° C. for two hours to facilitate The band gap further increases to a maximum of about 1.325
growth of Zn-doped iron pyrite nanocrystals. The reaction

eV for x = 0.2 and then decreases to about 1.288 eV for x = 0.3

was then quenched by removing the heat source and the 55 and x = 0.5. These results indicate that Zn doping of iron
reaction mixture was cooled to room temperature . The pyrite nanocrystals can be used to tune the band gap of the
as-prepared nanocrystals were precipitated from the reaction nanocrystals , although the relationship between the exact

mixture by the addition of excess isopropanol (IPA , Sigma composition of the nanocrystals and the band gap shift is
Aldrich ) and isolated by centrifugation . The nanocrystals complex .
were washed with mixtures of toluene/IPA , toluene/ IPA , and 60 The integration of Zn into iron pyrite FeS2 preserves the
chloroform /methanoland redispersed in chloroform for stor high crystallinity crystal structure of undoped Fes , nanoc
age .
rystals and provides a mechanism to tune the band gap of the
Other doping levels, such as FeS2, Feszno oss , nanocrystals . As such , Zn-doped iron pyrite nanocrystals
Fe... Zn 252, Fe.Zn3S2, and Fe, Zn, SS2, can be synthe may be valuable in fabricating photovoltaic devices with
sized according to a similar synthesis process by appropri- 65 specific target photovoltaic properties.
ately adjusting the quantities of iron chloride and zinc
Iron pyrite Fes , nanocrystals can similarly be doped with
acetate in the reaction .

other elements, such as other transition metals .
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5 Solar Cells with Iron Pyrite Nanocrystals

dark current and can operate as more efficient solar cells.
Withoutbeing bound by theory, it is believed that Zn doping
An example solar cell 2300 is shown in FIG . 23. The solar reduces the density of defect states, which reduces the dark
cell 2300 includes a transparent, electrically conductive current and thus improves the efficiency of these solar cells .
substrate 2302 , such as ITO .An n -type layer 2304 formed of 5 A decrease in surface trap states in iron pyrite nanocrys
metal oxide or metal sulfide nanocrystals is formed on the tals may also be achieved by size and shape control of the
substrate 2302. The metal oxide or metal sulfide nanocrys
nanocrystals.
tals may be, e.g., zinc oxide (ZnO ), titanium dioxide ( TiO2),
In some examples , iron pyrite nanocrystals can be printed
tin sulfide (SnS2), tin dioxide (SnO2), cadmium sulfide onto a surface , e.g., to form photovoltaic layers in desired
( CDS ), or other metal oxide or metal sulfide materials . An 10 shapes , by ink -jet printing methods. The solubility of the
active p - type photovoltaic layer 2306 of Fej- ZnS2 NCs is nanocrystals in appropriate solvents can be tuned , e.g. , via
formed on the n -type layer 2304 , forming a p -n junction the size of the nanocrystals and the ligand composition .
2308. An upper contact 2310 formed on the photovoltaic
6 Other Embodiments
layer 2306 includes a layer 2312 of M003, a layer 2314 of
gold , and a layer 2316 of silver.
To fabricate the solar cell 2300 , the substrate was cleaned
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Iron pyrite nanocrystals may also be used in other appli
and treated by ultraviolet -ozone for ten minutes . The n -type cations. For instance , iron pyrite is an attractive cathode
layer 2304 ofmetal oxide nanocrystals was spin coated onto material for lithium batteries , such as high temperature
the substrate . For example, a layer of ZnO nanocrystals was lithium batteries, due to its low cost, non - toxicity , abun
formed by spin coating a 5 mg/mL solution of ZnO nanoc- 20 dance, and high theoretical capacity ( e.g., about 900 mAh/
rystals in chloroform at 3000 rpm for 50 seconds, followed g). Using nanostructured iron pyrite as the cathodematerial
by annealing at 200 ° C. for ten minutes in air. The active in thermally activated batteries ( referred to herein as thermal
photovoltaic layer 2306 of Fe.Zn, Sznanocrystals was batteries ) improves the performance of the batteries . For
formed by spin coating onto the n -type layer 2304 , for instance, the increased surface area per unit weight of
example, by spin coating a 1.5 mg/mL solution of Fe -x 25 nanostructured pyrite and /or the easier diffusion of lithium
Zn S2 nanocrystals in chloroform at 2500 rpm for 30 sec
into iron pyrite allows the reaction of lithium with iron pyrite

onds . The photovoltaic layer 2306 was then treated with a to proceed further toward completion , increasing the energy
cross - linking molecule to form a high quality thin film . For density of the batteries. The power density can also be
instance , the photovoltaic layer 2306 was treated with a 1 % increased due to the faster charge and discharge of lithium
ethanedithiol ( EDT) solution in acetonitrile for 15 seconds, 30 in smaller size iron pyrite nanomaterials . In addition , ther
spun dry at 2500 rpm , and washed with acetonitrile, allow
mal batteries employing nanostructured lithium cathode
ing ligand exchange onto the nanocrystals by the short chain materials can be more compact and thus have a higher
EDT molecules . The contact 2310 was formed by thermal specific energy density per volume, e.g., due to lower
evaporation under vacuum of the layer 2312 of MoO3 (e.g., porosity and smaller iron pyrite particles. Ligand (e.g.,
10 nm thick ), the layer 2314 of Au ( e.g., 20 nm thick ), and 35 TOPO )-stabilized iron pyrite nanocrystals can be used even
the layer 2316 of Ag ( e.g. , 80 nm thick ). The final active in batteries that operate athigh temperatures (e.g., 400-500 °
device area was approximately 0.075 cm². In some C.), because the ligand stabilizes the surface of the nanoc
examples, iron pyrite Fes , nanocrystals ( i.e., x = 0 )were used rystals against surface decomposition and prevents oxygen
in the active photovoltaic layer 2306 .
and moisture from oxidizing the surface of the cathode
Solar cells 2300 were fabricated with Fe.Zn S , nanoc- 40 nanocrystals .
rystals for x = 0 ( i.e., iron pyrite FeS2), x = 0.05 , and x = 0.1 .
Other applications of ligand -stabilized iron pyrite nanoc
The photoresponse of each device was measured under dark rystals are also possible . For instance, such nanocrystals can
conditions and under AM 1.5 illumination (simulated sun
be used as lubricants , e.g. , for bearings , in which smaller
light). FIG . 24A shows the photoresponse of the x = 0 device particles provide improved lubrication .

( i.e., iron pyrite FeS2 nanocrystals) under dark ( curve 2400) 45 It is to be understood that the foregoing description is
and under illumination ( curve 2402 ); FIG . 24B shows the intended to illustrate and not to limit the scope of the
photoresponse of the x = 0.05 device under dark ( curve 2410 ) invention , which is defined by the scope of the appended
and under illumination (curve 2412 ); FIG . 24C shows the claims. Other embodiments are within the scope of the
photoresponse of the x = 0.1 curve under dark (curve 2420 ) following claims.
50
What is claimed is :
and under illumination (curve 2422 ).
The photovoltaic devices showed good photoresponse
1. An apparatus comprising :
with high photocurrent but no photovoltage. The dark cur
a nanocrystal particle having a size between 60 nm and
rent decreases with increasing levels of Zn doping . For
200 nm , the nanocrystal particle comprising :
instance, at a bias of -1 V , the dark current decreases from
a core including FeSz; and
50 mA/ cm² at x = 0 to 18 ma/cm² at x = 0.05, and to only 6 55
a coating including a ligand component chemically
coordinated with both an iron atom and a sulfur atom
mA/cm2 at x = 0.1 . The photocurrent remains roughly
unchanged with Zn doping. Thus, increased Zn doping
on a surface of the core that includes the FeS2, the
ligand component including a phosphine oxide
resulted in a dramatic increase in the on /off ratio of the
photovoltaic devices.
group that is chemically coordinated with the iron
A limiting factor to high efficiency iron pyrite solar cells 60
atom and the sulfur atom of the FeS2,
is generally the high dark current, which leads to small open
wherein the nanocrystal particle that includes the core
including FeS2 and the coating that includes the
circuit voltages. The dark current is generally caused by
phase impurities in the iron pyrite and by surface trap states
ligand component chemically coordinated with both
the iron atom and the sulfur atom on the surface of
in iron pyrite nanocrystals . The iron pyrite nanocrystals
described herein are highly pure and stable against surface 65
the core has a cubic shape.
degradation due at least in part to ligand passivation . Pho
2. The apparatus of claim 1, wherein the ligand compo
tovoltaic devices formed of these nanocrystals have lower nent includes trioctylphosphine oxide ( TOPO ).
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3. The apparatus of claim 1, wherein the nanocrystal is
stable against oxidation in air .
4. The apparatus of claim 3 , wherein the nanocrystal is
stable for at least one year.

5. The apparatus of claim 1 , wherein a chemical compo

sition of the nanocrystal is stable for at least one year.
6. The apparatus of claim 1, wherein the nanocrystal is a
semiconductor.
7. The apparatus of claim 1, wherein a band gap of the
nanocrystal is at least about 0.9 eV .
8. The apparatus of claim 1 , wherein the core includes
zinc .
9. The apparatus of claim 8 , wherein a band gap of the
nanocrystal is dependent on a ratio of iron to zinc in the core .
10. The apparatus of claim 8, wherein a band gap of the
nanocrystal is at least about 1.2 eV .
11. The apparatus of claim 1, wherein the nanocrystal is
soluble in an organic solvent.
12. The apparatus of claim 1, wherein the coating is
disposed on all surfaces of the core .
13. The apparatus of claim 1 , further comprising :
a substrate ; and
a film of nanocrystal particles disposed on the substrate ,
each of at least some of the nanocrystal particles having
a size between 60 nm and 200 nm and comprising:
a core including FeSz; and

5

group that is chemically coordinated with the iron
atom and the sulfur atom of the Fe - Zn , S2,
wherein
the nanocrystal particle that includes the core
including Fe , Zn , S2, x > 0 , and the coating including
the ligand component chemically coordinated with
both the iron atom and the sulfur atom on the surface

10

of the core , has a cubic shape .
16. The apparatus of claim 15 in which the ligand
component includes trioctylphosphine oxide ( TOPO ).
17. The apparatus of claim 15 in which the nanocrystal is
stable against oxidation in air.

18. The apparatus of claim 17 in which the nanocrystal is
19. The apparatus of claim 15 in which a chemical
composition
of thenanocrystal
least one yearis.
20. The apparatus
of claim 15is instable
whichfortheat nanocrystal

stable for at least one year.

15

a semiconductor.
21. The apparatus of claim 15 in which a band gap of the
nanocrystal is at least about 0.9 V.
20

22. The apparatus of claim 15 in which a band gap of the

nanocrystal is dependenton a ratio of iron to zinc in the core .
23. The apparatus of claim 15 in which a band gap of the
nanocrystal is at least about 1.2 eV .
24. The apparatus of claim 15 , wherein the nanocrystal is
25 soluble in an organic solvent.
25. The apparatus of claim 15 , wherein the coating is
disposed
on all surfaces of the core .
a coating including a ligand component chemically
26.
The
apparatus of claim 15 , further comprising:
coordinated with both an iron atom and a sulfur atom
a
substrate
; and
on a surface of the core that includes the FeS2, the
of nanocrystal particles disposed on the substrate,
ligand component including a phosphine oxide 30 a film
each of at least some of the nanocrystal particles having
group that is chemically coordinated with the iron
a size between 60 nm and 200 nm and comprising:
atom and the sulfur atom of the FeS2,
a
core including Fe1- Zn, S2, x > 0 ; and
wherein at least some of the nanocrystal particles that
a coating including a ligand component chemically
include cores including FeS2, and coatings including
coordinated with both an iron atom and a sulfur atom

ligand components chemically coordinated with the 35
iron atoms and the sulfur atoms on surfaces of the

cores, have cubic shapes.
14. The apparatus of claim 1 , further comprising :

on a surface of the core that includes the Fe - Zn, S2,
the ligand component including a phosphine oxide
group that is chemically coordinated with the iron

atom and the sulfur atom of the Fe - Zn , S2,
a substrate ; and
wherein
at least some of the nanocrystal particles that
a film of TOPO -stabilized iron pyrite nanocrystals dis- 40
include cores including Fe - Zn, S2, x > 0 , and coatings
posed on the substrate, each of at least some of the
including ligand components chemically coordinated
nanocrystal particles having a size between 60 nm and
with
the iron atoms and the sulfur atoms on surfaces of
200 nm and comprising
the cores, have cubic shapes .
a core including FeS2, and
The apparatus of claim 15 , further comprising:
a coating including a ligand component that includes 45 27.
a substrate ; and
trioctylphosphine oxide ( TOPO ) that is chemically
a film of TOPO -stabilized iron pyrite nanocrystals dis
coordinated with both the iron atom and the sulfur
posed on the substrate, each of at least some of the
atom of the FeS2,
nanocrystal particles having a size between 60 nm and
wherein at least some of the nanocrystal particles that
200 nm and comprising:
include cores including Fes , and coatings including 50
a core including Fe - Zn_S2, x > 0 , and
ligand components that include trioctylphosphine oxide
a coating including a ligand component that includes
( TOPO ) that is chemically coordinated with the iron
atoms and the sulfur atoms of the FeS2 , have cubic
shapes.
15. An apparatus comprising:

trioctylphosphine oxide ( TOPO ) that is chemically

coordinated with both the iron atom and the sulfur
55

a nanocrystal particle having a size between 60 nm and
200 nm , the nanocrystal particle comprising :
a core including Fe.Zn S2, x > 0 ; and
a coating including a ligand component chemically
coordinated with both an iron atom and a sulfur atom 60
on a surface of the core that includes the Fe1- Zn S2,

the ligand component including a phosphine oxide

atom of the Fe -xZ9S2,
wherein at least some of the nanocrystal particles that
include cores including Fe1- Zn, S2, x > 0 , and coat
ings including ligand components that include trioc

tylphosphine oxide ( TOPO ) that is chemically coor
the Fe.Zn , S2, have cubic shapes .

dinated with the iron atoms and the sulfur atoms of

